Glucokinase is a monomeric protein under native and denaturating conditions yet presents a sigmoidal saturation function for glucose. These peculiarities suggested the possibility that polymerization occurs under assay conditions. Thus the apparent molecular weight of glucokinase was determined by gel filtration at 4°C and at 30°C in the presence of substrates and products, singly and in combination, creating during the filtration similar conditions as used in the assay. Gel filtration was performed also in the presence of Nacetylglucosamine, which is a competitive inhibitor and shifts to an hyperbole the saturation function for glucose. The same elution behavior, that is, a single symmetrical peak, was observed in every system used. This persistent monomeric form of glucokinase excludes the possibility that the sigmoidal function is the result of the interaction of different subunits. The possibility of an association-dissociation equilibrium in which the kinetic properties of the enzyme depend on the particular molecular weight species may also be rejected.
Glucokinase (ATP:n-glucose 6-phosphotransferase, EC 2.7.1.2) is a liver enzyme that has been rather well characterized since its separation from hexokinases (ATP:n-hexose 6-phosphotransferase, EC 2.7.1.1) was reported some 14 years ago (1, 2) . However, only recently it has become apparent that the saturation function of glucokinase for glucose does not follow the classical Michaelian hyperbole, but exhibits a sigmoidal shape instead (3, 4) . The Hill coefficient (no) is about 1.6 for the glucokinases of all vertebrates so far examined (3) . This sigmoidicity is of interest because of the possible physiological relevancy in the regulation of glucose uptake by the hepatocyte (3). It was, however, extraordinary since glucokinase is a monomeric protein under native and denaturating conditions (5-7) and the vast majority of enzymes with sigmoidal kinetics are oligo- Glucokinase assay. Glucokinase activity was assayed by measuring the production of glucose 6-phosphate through the reduction of NADP' in the presence of an excess of glucose-g-phosphate dehydrogenase (3). The increase in absorbance at 340 nm was followed in a Gilford 2400 spectrophotometer, with circulating water at 30°C. The reaction mixture contained (final concentration) in a total volume of 0. be interpreted as small amounts of active enzyme with a higher degree of aggregation. The peaks eluted always at the same position. Very similar profiles were observed with another column run at 4°C (not shown). Glucose-6-phosphate dehydrogenase and NADP+ normally used for the assay were not added, since sigmoidicity of glucokinase is also evident when they are omitted and enzyme activity is assayed by isolating glucose 6-phosphate (3). Table I The estimation of the apparent molecular weight of glucokinase is shown in Fig. 2 , where the distribution coefficients of several markers were plotted against their molecular weights on a semilogarithmic scale. Glucokinase appears as a protein of molecular weight of 54,400 + 700 which is very similar to the values assigned to the monomeric enzyme (5-7). The position of a putative glucokinase dimer is also indicated on the regression line.
Effect of N-Acetylglucosamine
In the presence of N-acetylglucosamine, an analog of the substrate, the saturation function of glucokinase becomes hyperbolic, nH = 1.0 at 10 mM GlcNAc (13).
However a single symmetrical peak of enzyme activity was also obtained from a Sephadex column (Fig. 3) when this compound was included in the developing solution. The Kd value was 0.490. In this experiment the glucokinase concentration in the sample was about ten times that used in the others.
Effect of Substrates and Products
The null effects of the addition to the equilibrating solution of a mixture of the substrates (glucose and MgATP) and the products of the glucokinase reaction (ADP and glucose 6-phosphate) is illustrated in Fig. 4 . A single symmetrical peak of enzyme activity was obtained from a Sephadex G-100 column eluting at the same position as in the absence of substrates and products and corresponding to a molecular weight of the monomeric enzyme. The same elution behavior was obtained in the presence of glucose 6-phosphate alone. 
DISCUSSION
All the available information indicates that glucokinase is composed of a single polypeptide chain. In fact, when examined under denaturating conditions the enzyme appears as a single protein, with the same molecular weight as the native enzyme (5-7). Likewise, gel filtration chromatography of glucokinase has been reported from several laboratories using a wide variety of developing conditions, but excluding the presence of ATP or the products of the reaction, with no evidence of oligomerization (5-7,14-16). So far, the only exception is the observation of a limited degree of dimerization occurring in aged preparations of partially purified glucokinase, the dimer exhibiting hyperbolic kinetics (3). This monomeric structure of glucokinase is of special interest since the enzyme displays kinetic properties such that the velocity as a function of glucose concentration shows sigmoidal dependence (3, 4) . In view of the monomeric nature of glucokinase, interpretation of the sigmoidicity becomes of considerable theoretical importance. Thus, it was critical to assess whether under catalytic conditions glucokinase remained as a monomer, since the degree of association of peptide chains in enzymes and their inter- actions, may be markedly affected by the presence of substrates, products or their analogs, as well as of allosteric modifiers (17-19). For example brain and heart hexokinases are found in a reversible equilibrium between monomer and dimer, the later being favored by the presence of the negative modifier glucose 6-phosphate (20, 21) . Also, yeast hexokinase PII, although it is isolated as a dimer, exists as a monomer during the assay (22, 23) .
The results now reported clearly demonstrate that, in the presence of both substrates, glucose and MgATP, and of the other components normally used in the reaction mixture for enzyme assay, glucokinase is recovered from a gel column as a single active protein. MgATP does not change the monomeric structure of glucokinase, although the degree of sigmoidicity of the saturation function for glucose is dependent on the concentration of this substrate (4, 13) . In this respect soluble glucokinase differs from microsomal glucokinase, which dimerizes in the presence of ATP and only in this condition exhibits a sigmoidal saturation function for glucose (24) . The addition of the products of the reaction, glucose 6-phosphate and ADP, did not change the distribution coefficient of glucokinase. Glucose g-phosphate that tends to dimerize brain and heart hexokinases failed to do the same with glucokinase at a similar concentration. Further, the competitive inhibitor N-acetylglucosamine, which does change the kinetic behavior of glucokinase (13, 25) did not modify the monomeric nature of the enzyme. No evidence for heterogeneity was observed in any case. There was no effect of changing the temperature from 4°C to 30°C which is the temperature normally used during the assay. Likewise, the variation in glucokinase concentration from 0.18 to 1.7 units in the sample applied to the column did not alter the elution behavior. The estimated molecular weight of glucokinase was always the same as that obtained under other experimental conditions, including the presence of denaturating agents. In fact, the molecular weight of the enzyme (54,000) calculated from these data is in good agreement with the values reported for pure glucokinase (5-7). The fact that no higher molecular weight crosslinked material was observed when dimethyl suberimidate was added to glucokinase incubated with its substrates at 4°C (7) gives further support to the monomeric nature of the enzyme.
To the best of our knowledge three other monomeric enzymes exhibit nonhyperbolic kinetics. They are ribonucleotide triphosphate reductase (26-28), pancreatic ribonuclease (29) (30) (31) , and wheat hexokinase Ll (32) . In all these cases there are evidences that the enzymes are single polypeptide chains, but unequivocal proof that they do not oligomerize during the assay has not been reported.
The demonstration of the monomeric structure of glucokinase under reacting conditions excludes the possibility that its sigmoidal saturation function for glucose results from the interaction between active sites located in different subunits of an oligomeric enzyme formed during the assay. The possibility of an association-dissociation equilibrium, in which kinetic properties of the enzyme would depend upon the molecular weight species present, can also be rejected. Steady-state models sustain the possibility of non-Michaelian kinetics in monomeric enzymes, and all of them consider at least two different nathwavs to convert the substrates into the products (33) (34) (35) (36) (37) . The explanation of sigmoidal kinetics of glucokinase appears to be along these lines (25, 368) .
